Although poorly understood, cation-exchange reactions are increasingly used to dope or transform colloidal semiconductor nanocrystals (quantum dots). We use density-functional theory and kinetic Monte Carlo simulations to develop a microscopic theory that explains structural, optical, and electronic changes observed experimentally in Ag-cation-exchanged CdSe nanocrystals. We find that Coulomb interactions, both between ionized impurities and with the polarized nanocrystal surface, play a key role in cation exchange. Our theory also resolves several experimental puzzles related to photoluminescence and electrical behavior in CdSe nanocrystals doped with Ag.
determine the equilibrium geometries and stable charge states of each. Total energies and forces were calculated within the generalized-gradient approximation of Perdew, Burke, and Ernzerhof (PBE) [23] using projector-augmented-wave potentials, as implemented in vasp [24, 25] . The plane-wave cutoff was 300 eV. We used an orthorhombic supercell with 360 atoms and sampled the Γ point. We then used DFT with the hybrid functional of Heyd, Scuseria, and Ernzerhof [26] to compare the stability of different charge states. We find that Ag int is a donor with a binding energy of 0.10 eV, while Ag Cd is an acceptor with a binding energy of 0.32 eV. Hence the stable charge states of Ag int and Ag Cd are +1 and −1, respectively, when the Fermi level falls inside a window of ∼1.2 eV within the band gap of 1.85 eV. We assumed these conditions to hold throughout this study. CdSe native defects could in principle also be included in the model. However, we expect them to be less important than the impurities themselves and therefore do not include them here.
We also used DFT with the PBE functional to calculate the activation barriers for two important processes: diffusion of Ag int and cation substitution Ag int → Ag Cd + Cd. The calculations used the nudged-elastic-band method in a 96-atom supercell [27] , and assumed the charge states discussed above along with a compensating uniform background. We find that Ag int moves between interstitial sites with a small barrier of only 0.2 eV, consistent with the observed fast diffusion of Ag in CdSe [28, 29] . It is reasonable to assume that, at room temperature, Ag ions enter the NC from solution as Ag int and then rapidly diffuse between interstitial sites [30] . We investigated several reaction pathways for cation substitution and found that the kick-out reaction [ Fig. 1(a) ] had by far the lowest activation barrier, 0.68 eV [32] . In this reaction, Ag int moves onto a Cd site by displacing the Cd to an interstitial site.
As a result, Ag Cd and an interstitial Cd (Cd int ) are created. The stable charge state of Cd int is +2 (donor binding energy 0.29 eV) and thus the reaction preserves total charge: Ag
The final state of this reaction is only marginally stable because the reverse reaction has a very low barrier (0.06 eV). Consequently, after a kick-out step the system usually reverts to its initial state. Evidently, the cation-exchange process can proceed only if the Ag-Cd complex dissociates. This can occur if the Cd diffuses away, leaving behind Ag Cd .
Because the rate of this dissociation governs the overall cation-exchange rate, it is important to evaluate it under realistic conditions-that is, in small NCs containing many charged Ag impurities.
(b) (a) One consequence of confining ionized impurities to the small volume of a NC is that strong Coulomb interactions are inevitable. These profoundly affect the spatial distribution and reaction barriers of the impurities, and must therefore be included in a microscopic model. For example, if a NC contains several Ag int with the same charge, then their mutual repulsion pushes them toward the NC surface. Each ion is also influenced by the polarization at the dielectric interface between the NC and the surrounding medium. Because the semiconductor dielectric constant is typically larger than its surroundings, this interaction is always repulsive and hence pushes the impurities toward the NC interior. The outcome of these competing interactions becomes more complicated when the dopants are of different types, are in different charge states, or occupy both interstitial and substitutional sites.
The importance of Coulomb effects is especially clear for Cd kick-out reactions. In the absence of other dopants, this reaction is energetically uphill with a substantial activation barrier (0.68 eV). For an attempt frequency of 10
13 Hz [33] , this barrier can be overcome at room temperature, but not at a rate consistent with the observed millisecond time scales [34] . Experiments suggest much higher rates and thus lower activation barriers. This puzzle is resolved by considering Coulomb interactions. If other ionized impurities are nearby, they can strongly alter the barrier for reactions in their vicinity. Indeed, we find using DFT experiments showing that cation exchange in NCs is a cooperative mechanism in which one event triggers an extremely fast transformation [35] . In our case, this event is the formation of the initial Ag Cd , which we hypothesize occurs by Cd kick out at the NC surface. We also found using DFT [13] that such a fully substituted phase is crystallographically-as well as energetically-very close to the crystalline Ag 2 Se naumannite phase, consistent with experiment [12] . ating site [ Fig. 2(c) ]. The result is a stable and densely packed cluster of alternating charges, having the stoichiometry of Ag 2 Se and an arrangement of atoms close to the naumannite structure, into which it easily relaxes. To investigate our model quantitatively we used dynamical simulations based on the kinetic Monte Carlo (KMC) method [33] , an efficient technique for simulating dynamics over long times at finite temperature. An initial random state was stochastically evolved by selecting from a list of processes (diffusion and kick-out reactions) using acceptance ratios given by their Boltzmann factors. These were evaluated using the DFT barriers already computed [36] . To account for Coulomb interactions, we added the state-dependent Coulomb potential from all ions to the reaction pathway for each process [37] . When the impurities were within approximately one lattice constant [as in Fig. 1(a) ], these were included directly using DFT. For larger separations they were approximated using point charges and the CdSe dielectric constant. Interactions with polarization charges at the nanocrystal surface were included using an electrostatic model [38] of point charges in a dielectric sphere embedded in an organic medium.
We performed the simulations for a quasispherical NC with a realistic diameter of 3.5 nm [ Fig. 3 ]. For simplicity we used a simple cubic lattice and set the density of Cd sites to that of wurtzite CdSe, giving a lattice constant of 3.9Å. The Se atoms were included implicitly and considered immobile because they are known not to participate in cation exchange.
Ag ions were added to the NC at interstitial sites on the surface. In the absence of any Coulomb interactions, the reaction barrier for this step was set to 0.6 eV to yield reasonable addition rates for Ag. We also assumed that Ag int did not leave the NC. In contrast, Cd int was allowed to diffuse out, as is observed experimentally [3] ; the driving force for this is the hard Lewis base (e.g. methanol or ethanol) that comprises the solution and which strongly binds to the hard Lewis acid Cd 2+ . In the real system, Cd ions hence become solvated in solution; for simplicity we removed them from the simulation after they diffused out.
As Ag +1 ions enter and Cd +2 ions leave, the NC may become transiently charged. This charge must be balanced by counterions outside the NC. We assumed these to be mobile and thus treated them as uniformly spread out near the NC; hence they did not affect the potential-energy surface for reactions inside [13] . On average, two Ag +1 ions enter for each Cd +2 that leaves, and therefore the NC maintains approximate electrical neutrality as CdSe is converted to Ag 2 Se. tends to stay in the NC center as a stable interstitial [ Fig. 3(a) ], whereas several Ag + int push each other toward the surface and allow the formation of Ag Cd [ Fig. 3(b) ]. If the supply of Ag int is stopped at this stage, the simulation evolves to a configuration with a majority of Ag Cd [ Fig. 3(c) ]. If further Ag is then provided, a well-defined Ag 2 Se phase grows from the surface inwards [ Fig. 3(d) ]. Although we did not run the simulations to completion (due to their cubic dependence on the number of Ag ions) it is clear that, if continued, the nanocrystal would have been completely converted to Ag 2 Se. A video animation of one simulation run is available in the Supplemental Material 13.
These simulations can be investigated more quantitatively by averaging over many runs. 
